We carried out chymotryptic digestion of multimeric ATP-dependent Lon protease from Escherichia coli. Four regions sensitive to proteolytic digestion were located in the enzyme and several fragments corresponding to the individual structural domains of the enzyme or their combinations were isolated. It was shown that (i) unlike the known AAA + proteins, the ATPase fragment (A) of Lon has no ATPase activity in spite of its ability to bind nucleotides, and it is monomeric in solution regardless of the presence of any effectors; (ii) the monomeric proteolytic domain (P) does not display proteolytic activity; (iii) in contrast to the inactive counterparts, the AP fragment is an oligomer and exhibits both the ATPase and proteolytic activities. However, unlike the full-length Lon, its AP fragment oligomerizes into a dimer or a tetramer only, exhibits the properties of a non-processive protease, and undergoes self-degradation upon ATP hydrolysis. These results reveal the crucial role played by the non-catalytic N fragment of Lon (including its coiled-coil region), as well as the contribution of individual domains to creation of the quaternary structure of the full-length enzyme, empowering its function as a processive protease.
INTRODUCTION
ATP-dependent Lon proteases (EC 3.4.21.53 ; MEROPS: clan SJ, ID S16), as well as other enzymes which are involved in selective, energy-dependent degradation of intracellular proteins (FtsH, ClpAP, ClpXP, HslUV, and 26S proteasome) , belong to the AAA + protein superfamily (Neuwald et al., 1999; Maurizi & Li, 2001; Lupas & Martin, 2002; Gottesman, 2003; Frickey & Lupas, 2004) . Members of this superfamily are generally organized in hexameric or heptameric ring-shaped structures formed by their ATPase modules (Vale, 2000) . The diverse functions of the AAA + proteins are principally mediated by their ability to hydrolyze ATP. The binding of ATP and its hydrolysis to ADP in the presence of Mg 2+ ions leads to conformational changes of the protein, expressed in vivo through a variety of functional relationships (Ogura & Wilkinson, 2001) . For example, substantial nucleotide-dependent structural altera-
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E. E. Melnikov and others tions within the hexamers were clearly demonstrated by electron microscopy for the polyfunctional AAA + protein p97 (Rouiller et al., 2002) .
The main biological function of the proteolytic enzymes that couple ATP hydrolysis to degradation of protein substrates is control of the cellular level of regulatory proteins and digestion of damaged ones (Goldberg, 1992; Gottesman et al., 1995; Wickner et al., 1999; Tsilibaris et al., 2006) . The overall structural organization of heterooligomeric ATP-dependent proteases (ClpAP, ClpXP, and HslUV) for which crystal structures have been already reported is quite well understood. The ATPase and proteolytic sites of these enzymes are located in different subunits that form "sandwich-type" oligomers (Schmidt et al., 1999; Sauer et al., 2004) . In such oligomers, the double hexa-or heptameric rings of the proteolytic subunits are flanked from both sides by the hexameric rings of the ATPase subunits. The latter act as molecular machines that unfold and denature protein substrates and subsequently translocate them to the inner cavity of the enzyme, where the substrates are further degraded by the proteolytic sites (WeberBan et al., 1999; Reid et al., 2001; Ramachandran et al., 2002; Joshi et al., 2004; Burton et al., 2005; Kenniston et al., 2005) . The activity of each ATPase subunit is strictly dependent on the state of the other subunits of the oligomer (Rouiller et al., 2002; Ogura et al., 2004; Martin et al., 2005) .
The homooligomeric proteases of the Lon and FtsH families are unique among the ATP-dependent proteases and other proteins of the AAA + superfamily in that their ATPase and proteolytic domains are part of a single polypeptide chain. Lon proteases are peptide hydrolases that contain a Ser-Lys catalytic dyad in their active sites (Rotanova, 2002; Rotanova et al., 2003) . They are represented by two subfamilies, designated A and B (Rotanova et al., 2004) . Division into these subfamilies is based on significant differences in the sequences around the strictly conserved Ser and Lys residues in their proteolytic centers, that coincide with the differences in their overall molecular architecture (Iyer et al., 2004; Rotanova et al., 2004; Maupin-Furlow et al., 2005) . Lon protease from Escherichia coli (here called EcLon, or simply Lon) is a typical member of the LonA subfamily (Rotanova et al., 2004) and the first ATP-dependent protease to be identified (Charette et al., 1981; Chung & Goldberg, 1981; Swamy & Goldberg, 1981; Zehnbauer et al., 1981) . Comparative sequence analysis (Amerik et al., 1990; Gottesman et al., 1995; Rotanova, 1999) indicated that each subunit of EcLon (or any other LonA protease) is composed of three principal structural domains. The N-terminal (N) domain does not contain any identifiable catalytic site, and its function is not yet completely clear. The amino-acid sequences of the N domains are not highly conserved, however structure prediction indicates the presence of coiled-coil regions (Lupas et al., 1991) . The N domain of EcLon has been shown to consist of at least two structurally distinct subdomains; crystal structure of one of them (residues 1-119) was recently reported . The central domain of LonAs is an ATPase that includes a typical AAA + module containing two structural domains, α/β and α (Neuwald et al., 1999; Lupas & Martin, 2002; Iyer et al., 2004) , whereas the proteolytic activity resides in the C-terminal (P) domain (Amerik et al., 1991) .
The lack of crystal structures of full-length Lon proteases makes it difficult to detail the structure-function relationships for this family of homooligomeric ATP-dependent enzymes. However, it is evident that elucidation of the interactions between the domains within a Lon oligomer is a necessary step leading to understanding the organization and function of that enzyme. Limited proteolysis is one of the possible approaches to such investigations. This method allows one not only to obtain information on the organization of complex enzymes and their domain-domain interactions, but could also be used to estimate the contribution of each domain to the quaternary structure. Furthermore, limited proteolysis is of special value for the selection of fragments that might be more amenable to crystallization.
We have utilized chymotryptic digestion for fragmentation of EcLon. Two fragments resulting from such experiments, the α domain of the AAA + module and the proteolytic domain, have already been successfully used for solving crystal structures (Botos et al., 2004a; . Here we present, for the first time, a common scheme of chymotryptic fragmentation of EcLon and preparative isolation of the enzyme fragments which are likely to correspond to the structural domains of Lon or their combinations. They include the N-terminal (N) and ATPase (A) fragments, α-helical (α) and proteolytic (P) domains, as well as the combination of the A fragment and P domain (AP). The oligomeric states of these fragments in solution and the impact of the individual domains on creation of the quaternary structure of full-length enzyme are discussed. The enzymatic properties of the fragments containing their respective catalytic centers are also characterized.
MATERIALS AND METHODS

Expression and purification of full-length
Lon protease. The intact wild-type EcLon and its proteolytically inactive mutant EcLon-S679A were expressed in the lon-deficient E. coli strain BL21 (Novagen, Madison, WI, USA) using plasmid constructs based on pBR327 (Amerik et al., 1990; .
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Limited proteolysis of E. coli Lon
Transformed cells were grown overnight at 37°C in LB media containing 100 µg/ml ampicillin, harvested by centrifugation, and stored at -80°C. Thawed cells (40 g of cell paste collected from 9 l of culture) were suspended in 140 ml of 20 mM Tris/HCl, pH 7.5, 5 mM EDTA buffer. The cell suspension was divided into six equal portions of approx. 30 ml each, mixed with lysozyme (final concentration 0.1 mg/ ml), and incubated for an hour at 4°C. The partially lysed cells were disrupted by sonication and the homogenate was centrifuged at 40 000 × g for 2 h. Supernatant (cell-free extract) was filtered through a 0.45 µm pore-size cellulose acetate membrane and subjected to chromatography on P-11 cellulose. All pre-packed columns were from GE Healthcare (Piscataway, NJ, USA).
P-11 cellulose phosphate resin was prepared according to the manufacturer's protocol (Whatman Inc., Clifton, NJ, USA). The cell-free extract was diluted 5-fold with buffer A (50 mM potassium phosphate, pH 6.8, 10% (v/v) glycerol and 1 mM EDTA) and applied at 0.3 ml/min to a 150 ml P-11 column pre-equilibrated with buffer A. The column was washed with 1 l of buffer A, and the protein was eluted with 600 ml of buffer B (300 mM potassium phosphate, pH 6.8, 10% (v/v) glycerol and 1 mM EDTA) at 3 ml/min. Fractions containing the target protein were pooled and used for Q-Sepharose chromatography.
The protein solution was diluted 4-fold with buffer C (50 mM Tris/HCl, pH 7.5, 10% glycerol, 1 mM EDTA), filtered through a 0.2 µm pore-size cellulose acetate membrane and loaded at 1 ml/min onto three pre-equilibrated 5 ml HiTrap Q-Sepharose HP columns connected in series. The columns were washed with 150 ml of buffer C and the protein was eluted with a 225-ml linear gradient of NaCl from 0 to 1 M. Fractions eluted within 0.2-0.5 M NaCl were pooled and loaded at 1 ml/min onto a 5 ml HiTrap Heparin-Sepharose HP column equilibrated in a buffer containing 50 mM Tris/HCl, pH 7.5, 300 mM NaCl, 10% glycerol and 1 mM EDTA. The column was washed with 50 ml of buffer C and the protein was eluted with a 100 ml linear gradient of NaCl from 0.3 to 1 M. Fractions eluted within 0.4-0.7 M NaCl were pooled, concentrated on Centriprep 50 (Millipore, Bedford, MA, USA) in the presence or absence of 1 mM ADP, and used for size-exclusion chromatography on a HiPrep 26/60 Sephacryl S-300 column equilibrated with buffer D containing 50 mM Tris/HCl, pH 7.5, and 0.2 M NaCl. These procedures yielded approx. 100 mg of EcLon from 40 g of cell paste, with more than 90% purity.
Limited proteolysis of full-length Lon and purification of the fragments. The procedures used to obtain the C-terminal α domain of the AAA + module and the P domain have been described previously (Botos et al., 2004a; . Both the wild-type Lon and the proteolytically inactive mutant Lon-S679A were subjected to chymotryptic digestion.
All reactions of limited proteolysis that yielded the N, A, and AP fragments of EcLon were performed in the presence of 1 mM ADP. In addition, 20 mM MgCl 2 was used in the reaction that led to obtaining the AP fragment. Purified enzyme (100 mg) was digested with α-chymotrypsin (0.5 mg, Sigma, St. Louis, MO, USA) in 50 ml of buffer D at 30°C. After 2 h incubation, the reaction was stopped by adding PMSF to 1 mM final concentration. The solution was cooled to 4°C, filtered through a 0.2 µm pore-size cellulose acetate membrane and loaded onto a 5 ml HiTrap Heparin-Sepharose HP column equilibrated with buffer D. The flow-through containing the unbound N fragment was collected and used as described below. The column (with bound intact Lon, A, and AP fragments) was washed with 50 ml of buffer D and eluted with a 100-ml linear gradient of NaCl from 0.2 to 1 M in the same buffer.
Fractions that eluted with 0.4-0.8 M NaCl were pooled, diluted 3-fold with 50 mM Tris/HCl, pH 7.5, and loaded onto 5 ml HiTrap Q-Sepharose column pre-equilibrated in the dilution buffer. The flow-through (containing mainly the A fragment) was concentrated for size-exclusion chromatography on a HiLoad 16/60 Superdex 75 column. The Q-Sepharose column was washed with 25 ml of the equilibration buffer, the bound protein (containing AP) was eluted with 20 ml 50 mM Tris/HCl, pH 7.5, 0.4 M NaCl buffer, concentrated, and loaded on a HiPrep 26/60 Sephacryl S-300 column.
The flow-through that did not bind to Heparin-Sepharose contained the N fragment and 1 mM ADP (see above). It was diluted 6-fold with 50 mM Hepes buffer, pH 7.0, and concentrated on a YM 10 membrane (Millipore, Bedford, MA, USA) to the initial volume using a 400 ml Amicon stirred cell. In order to decrease the concentration of ADP, the dilution-concentration procedure was repeated three times. The protein solution obtained was filtered and loaded onto a 5 ml HiTrap Q-Sepharose column pre-equilibrated with the dilution buffer. The column was washed and eluted with a 50 ml linear gradient of NaCl from 0 to 0.5 M in the same buffer. Fractions eluted with 0.2-0.3 M NaCl and containing the N fragment were pooled, concentrated, and used for chromatography on a HiLoad 16/60 Superdex 75 column.
Size-exclusion chromatography was performed in buffer D for all target fragments. Protein samples were concentrated on Amicon Ultra 10 000 MWCO centrifugal filter devices. All purification procedures were performed at 4°C and fractions monitored by electrophoresis on 12% SDS/PAGE.
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E. E. Melnikov and others Protein concentration was estimated with Bio-Rad Protein Assay (Bio-Rad Laboratories, GmbH, Germany) using bovine serum albumin as the standard. The purity and homogeneity of the target fragments were verified by N-terminal sequencing and electrospray ionization mass-spectrometry (Agilent 1100). The average yield of fragments obtained from about 100 mg of the full-length Lon was about 20 mg of the N fragment, 30 mg of the A fragment, 10 mg of the α domain, 40 mg of the AP fragment, and 15 mg of the P domain.
Activity assays. The ATPase activity of the full-length EcLon and its truncated forms, A and AP, was measured by the method based on determination of the amount of inorganic phosphate resulting from ATP hydrolysis as a function of time (Bencini et al., 1983; Melnikov et al., 2000) . Reactions were performed at 37°C in buffer R (50 mM Tris/HCl, pH 8.5 (at 25°C), 0.15 M NaCl, 15 mM MgCl 2 ), in the absence or presence of 1 mg/ml β-casein. The concentration of ATP-Mg was varied between 0.3 and 2.5 mM, whereas the concentration of the enzyme (expressed as subunits) was varied within the range of 0.1-10 µM.
The thioesterase activity of the wild-type EcLon or its AP fragment and P domain was determined by the hydrolysis of substrate Suc-Phe-LeuPhe-SBzl, as described in (Melnikov et al., 2001) , at 37°C and the constant concentration of ATP (1 mM) in the buffer R containing 5% dimethylsulfoxide, and within the same range of protein concentration as for the ATPase activity assay.
The proteolytic activity of the wild-type EcLon or its AP fragment and P domain toward a protein substrate (β-casein) was analyzed by SDS/PAGE after two hours or overnight incubation at 30, 37, or 45°C. The reaction buffer was the same as for the ATPase assay. The final concentration of β-casein was 1 mg/ml, of ATP-Mg 5 mM, and of the tested protein 1 µM (EcLon) or 10 µM (AP or P domain).
The presence or absence of chymotrypsin in the final samples of EcLon fragments was verified using Suc-Ala-Ala-Phe-pNA, by detecting the absorbance of the p-nitroaniline at 410 nm, assuming ε = 8 800 M -1 cm -1 (Erlanger et al., 1961) .
Sedimentation analysis of EcLon fragments. A Beckman model E ultracentrifuge with ultraviolet scanning optics and a multiplexer was utilized for the analysis of the protein pausidispersity by velocity sedimentation. Purified EcLon or its fragments were analyzed in 50 mM Tris/HCl, pH 7.5, 0.1 M NaCl buffer, at protein concentration ranging from 0.2 to 1 mg/ml. Estimates of the average sedimentation and diffusion coefficients and of protein molecular mass were based on the results of experiments performed in capillary cells. The results of sedimentation in a charcoal-filled epon cell were used for detailed analysis of the heterogeneity of the protein samples by the Van Holde extrapolation method (Van Holde & Weischet, 1978) . Estimation of the molecular mass of the components with different sedimentation coefficients was held according to the Atassi-Gandhi equation (Halsall, 1967) . The relative quantity of different components making up each protein sample was calculated using light-scattering correction by the method of consecutive approximations, using the absorbance coefficient and the molecular mass of the analyzed components.
RESULTS AND DISCUSSION
The choice of protease for digestion of EcLon and the influence of effectors on fragmentation
The sensitivity of a protein substrate to cleavage by proteolytic enzymes is defined by a variety of factors. The crucial ones are peculiarities of organization of the protein target that affect the proteaseaccessible structural elements and the specificity of the used protease. Using enzymes of low specificity together with appropriate selection of reaction conditions, it is often possible to achieve fragmentation of target polypeptides resulting in high-molecularmass intermediates that may represent structurally compact individual domains and/or their combinations.
In order to obtain protein fragments on a preparative scale, it is necessary to establish conditions for very rapid and highly effective inhibition of the protease that is being used for limited proteolysis. However, the inactivation procedures should not cause denaturation or chemical modification of the products, or inactivate the potential active sites if the target protein substrate is itself an active protease.
An enzyme that fulfills well the requirements outlined above is α-chymotrypsin. This serine protease cleaves peptide bonds that follow hydrophobic amino acids at the P1 position (Schechter & Berger, 1967) , and can be effectively suppressed by covalent modification of its active site by PMSF, which is not a very effective inhibitor of Lon. Furthermore, a chymotrypsin molecule contains five disulfide bridges, the presence of which is absolutely required for enzymatic activity, and thus this enzyme can be easily and irreversibly inactivated by reducing agents, such as dithiothreitol or β-mercaptoethanol.
We utilized α-chymotrypsin for limited proteolysis of EcLon and found that the resulting set of Lon fragments depended very much on the presence of effectors of Lon, i.e. nucleotides and magnesium ions (Fig. 1) . In addition, all fragments other than the N-terminal one are only quasi-stable and un-Limited proteolysis of E. coli Lon dergo further degradation upon increasing concentration of the proteolytic enzyme and/or prolonged reaction time, especially at an elevated digestion temperature.
In most of the experiments aimed at proteolytic digestion ( Fig. 1) we used Lon preparations that were not saturated with a nucleotide before the final step of purification by size-exclusion chromatography (see Materials and Methods). Variation of pH (7−9), salt concentration (0.1−1 M) and temperature (25−37°C) did not alter the resulting set of EcLon fragments, when the time of chymotryptic digestion was limited to 2 h and the concentrations of the protein and the effectors were kept constant.
The Lon fragments shown in Fig. 1 were identified by N-terminal sequencing. The identity of the cleavage sites and the boundaries of the chymotryptic fragments of EcLon (Fig. 2) were confirmed by mass spectrometry. It is important to note that residues Q208-M234 were not present in any of the identified Lon fragments (Fig. 2B) .
The presence of a nucleotide substantially stabilizes the ATPase domain of the enzyme (Fig. 1A) , thus making it less susceptible to cleavage by chymotrypsin. Variations in the concentration of ADP within a wide range (50 µM to 5 mM, lanes 3-5) with a fixed concentration of Lon in the reaction mixture (about 10 µM) did not lead to any differences in the yield of the A fragment. This observation indicates that the binding constant of ADP to the ATPase active site does not exceed 50 µM. Besides the A fragment, chymotryptic cleavage of Lon in the presence of nucleotides yields the N fragment and the P domain as well (Fig. 1A , lanes 3-5).
Digestion of Lon at a low ADP concentration ≤ 1 µM (Fig. 1A , lane 2) or in the absence of any effector (not shown) also results in formation of the N and P fragments. At the same time, the α/β domain of the AAA + module undergoes complete degradation, leading to formation of low-molecular-mass peptides, whereas the α domain remains as the sole high-molecular-mass fragment of the ATPase domain (Fig. 2B) . The same set of fragments (N, P, α) is formed in the presence of magnesium ions and without nucleotides (Fig. 1B, lanes 1-3) . This suggests that magnesium ions are not stand-alone effectors which could cause considerable structural alterations by binding to the enzyme, as it should be detected by limited proteolysis.
The simultaneous presence of magnesium ions and ADP changes the pattern of digestion of Lon and leads to stabilization of the resulting AP fragment. As shown in Fig. 1B (lanes 4-6) , the maximal yield of the AP fragment is observed at a considerable excess of magnesium ions (keeping the concentration of ADP fixed at 1 mM). Under these conditions, most of the ADP must be in the form of a nucleotide-magnesium complex, since the disso- Reactions were performed at 30°C for 2 h in 50 mM Tris/HCl buffer, pH 7.5, 0.2 M NaCl, and analyzed on 15% SDS/ PAGE. Concentrations: Lon -1 mg/ml (about 10 µM), chymotrypsin -10 µg/ml.
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E. E. Melnikov and others ciation constant for the complex between ADP and Mg 2+ is about 0.5 mM (O'Sullivan & Smither, 1979) . Thus, the stabilization of the AP fragment is determined primarily by binding of the nucleotide-magnesium complex. We may conclude that binding of either nucleotides or nucleotide-magnesium complexes leads to different conformational states of the interface between the α-domain of the AAA + module and the proteolytic domain of Lon ( Fig. 2A) .
Proteolytic cleavage of Lon complexed with various nucleotides or analogs (ADP, ATP, or AMPPNP) results in similar digestion patterns (Fig. 1C, lanes 4-9) . Whereas the A fragment is present in all digests, the AP fragment is only found in the presence of magnesium ions. Since sequencing of all the fragments that contain the A domain (Fig. 1C) identified Lys235 at the N-terminus, we may conclude that binding of different nucleotides does not lead to essential structural changes of the region located between the N and A domains of Lon regardless of the presence of magnesium ions. In experiments performed under similar conditions, identical fragments were obtained from both the active Lon and its proteolytically inactive S679A mutant.
Application of the technique of limited proteolysis allows differentiation between the forms of Lon that do or do not contain a bound nucleotide at different purification steps of the enzyme (Fig. 3) ; it is significant for the understanding of some properties of Lon, in particular, its non-processive proteolytic activity (see Activity assays section). The presence or absence of the A and/or the AP fragments among the products of chymotryptic digestion of Lon indicates that:
(i) Lon protease must retain bound ADP even after the removal of free nucleotide by gel filtration when it is saturated with ADP just before that purification step (Fig. 3 , compare lanes 3 and 5);
(ii) magnesium ions display low affinity to the preformed enzyme-nucleotide complex (at least in the case of Lon-ADP complex) and exchange rapidly with the free ions in the solution, since the AP fragment is not detected after digestion of the enzyme that was concentrated in the presence of ADP and Mg 2+ ions and subjected to gel filtration in their absence (compare Fig. 3 , lane 6 and Fig. 1C, lane 8) ;
(iii) limited proteolysis of Lon after the chromatography on Heparin-Sepharose indicates a "nucleotide free" state of the enzyme based on the complete hydrolysis of the A domain (Fig. 3, lane 2) . Neither the gel filtration process itself nor the preliminary saturation of the enzyme with Mg 2+ ions causes structural alterations in Lon, since the digestion products presented in lanes 3 and 4 of Fig. 3 are identical. The predicted coiled-coil (CC) region, the characteristic elements of the AAA + module (Walker motifs A and B, and residues including sensor-1 (N473), "arginine finger" (R484) of the nucleotide binding (α/β) domain, and sensor-2 (R542) of the α helical (α) domain), as well as the catalytic residues S679 and K722 of the enzyme proteolytic site, are marked. 
Comparison of the results of limited proteolysis of EcLon by chymotrypsin and by other proteases
Limited proteolysis of E. coli Lon
dopeptidase, or trypsin. These data are derived either from the experiments described here or from previous publications (Vasilyeva et al., 2002; Patterson et al., 2004) .
It is seen that application of different enzymes leads to non-identical sets of fragments. The most highly invariant Lon fragment that is formed under all conditions is the N-terminal part, with the maximum length of about 240 amino acids. Limited proteolysis with chymotrypsin yields a slightly shorter form (207 amino acids), due to the additional cleavage at the Leu207-Gln208 site, as mentioned above. Thus, we can conclude that the end of the N-terminal domain is located somewhere between residues 207 and 240.
In the absence of a bound nucleotide, the α domain of the AAA + module (amino acids 491-584) and the proteolytic P domain (585-784) were only detected after digestion with chymotrypsin. The corresponding domains could not be seen as stable fragments after trypsin treatment, and they were also not formed during treatment of Lon with glutamyl endopeptidase (V8 protease). A stable αP fragment (487-784) was observed after V8 digestion, but it was not seen after digestion with chymotrypsin; the tryptic αP fragment (490-784) did not appear to be very stable and was further degraded by trypsin. It should be noted that, in the absence of nucleotides, none of the proteases utilized in these experiments (Table 1) yield either the α/β domain of the AAA + module or its stable combination with other neighboring fragments (N and/or α domains). Removal of the α-helical domain and/or the N-terminal part of EcLon seems to decrease the structural stability of the α/β domain, followed by its rapid proteolytic cleavage. On the other hand, effective degradation of the α/β domain as part of the AAA + module could be caused by its own conformational lability in the absence of a bound nucleotide. Table 1 ). The highest stability of the AP fragment during tryptic hydrolysis in the presence of magnesium ions was shown solely for adenosine nucleotides (Patterson et al., 2004) . A study of the proteolytic products that resulted from digestion of EcLon by glutamyl endopeptidase showed that only ATP and ADP are crucial for stabilization of an AP fragment, irrespective of the presence of magnesium ions. Limited proteolysis in the presence of other nucleotides, including a number of non-hydrolyzable analogs of ATP, leads to complete digestion of the ATPase fragment (Vasilyeva et al., 2002) . It is noteworthy that, under chymotryptic digestion, the presence of the magnesium ions substantially enhances the stability of the AP fragment as the binding of the nucleotide alone results in stabilization of the ATPase domain of the enzyme (Table 1) .
To summarize, our analysis illustrates common sensitivity of the cleavage site located between the α and P domains to the state of the ATPase active site, such as the presence of nucleotides, their nature, as well as the presence or absence of magnesium ions. In addition, the choice of the enzyme selected to perform limited proteolysis will influence the nature of the resulting fragments and the outcome in a significant way. At the same time, despite the major differences in the specificity of the proteases used for the reaction, the principal cleavage sites of Lon are concentrated in four areas of the enzyme's peptide chain (Boxes I-IV in Fig. 4) .
A comparison of the locations of the cleavage sites with the structural data as well as with secondary structure predictions indicates that the cleavage sites which separate the N-terminal fragment from Nuc -nucleotides. a,b According to literature data (Patterson et al., 2004; Vasilyeva et al., 2002) . Some incorrect numbers of amino-acid residues flanking the corresponding tryptic fragments were changed according to the sequencing data presented in the same paper (Patterson et al., 2004 the rest of the molecule are located in highly helical areas (Boxes I, II). By contrast, the cleavage sites flanking the α domain (Boxes III and IV) are found in less structured regions. It is important to note that Box III (Fig. 4) contains not only the common cleavage sites for all proteases discussed here, but also the preferred autolysis site of the full-length Lon. The A fragment which is formed during limited proteolysis contains about 350 amino-acid residues, flanked by sites located within Boxes II and III. It is about 100 residues longer than a typical AAA + module, whose average size is between 220 and 250 amino acids (Neuwald et al., 1999) . This Nterminal extension of the AAA + module may correspond to the extra domain found in the majority of AAA + proteins (Iyer et al., 2004) . The structural and functional importance of that extension, as well as of the N-terminal part of the full-length Lon (first about 240 residues), are not clear at this time. Based on secondary structure prediction, residues extending from about 170/190 to about 280/300 may form a coiled-coil (CC) domain (Fig. 4 , highlighted in yellow). Thus the A and AP fragments of Lon formed during limited proteolysis contain approximately half of the CC domain of the intact enzyme (Fig. 2B) .
The cleavage within the N-terminal extension of the AAA + module was not detected upon treatment with the proteases discussed here (Table  1) , but occurs during the early stages of the unusual autolysis of the AP fragment which takes place upon ATP hydrolysis (see the Enzymatic activity of fragments of EcLon section). The site of the autocatalytic cleavage of AP (Ala286-Glu287), located in the methionine-rich area of the protein sequence, corresponds approximately to the C-terminal boundary of the predicted CC domain (Fig. 4) and possibly defines the N-terminal boundary of the ATPase domain of Lon.
Oligomeric state of EcLon and its fragments
The oligomeric state of active LonA proteases is still unclear. Sedimentation studies of Lon protease from Mycobacterium smegmatis (Rudyak et al., 2001) and size-exclusion chromatography data for the Brevibacillus thermoruber enzyme (Lee et al., 2004b) indicated the presence of hexameric assemblies. By Arrows indicate P1 residues of peptide bonds cleaved by chymotrypsin (blue), trypsin (red) (Patterson et al., 2004) and glutamyl endopeptidase (green) (Vasilyeva et al., 2002) . The site of the autocatalytic cleavage of full-length Lon is marked by thin black arrow. A bold black arrow corresponds to the site of auto-cleavage of the AP fragment. Boxes I-IV represent regions sensitive to proteolytic digestion leading to the formation of high-molecular-mass intermediates of Lon degradation. Secondary structure elements shown are based on crystal data (underlined) (Botos et al., 2004a; Li et al., 2005) and predictions (McGuffin et al., 2000) (http://bioinf.cs.ucl.ac.uk/psipred) -α-heliсes (red), 3 10 -helix (pink), β-strands (blue), and coils (black). The predicted coiled-coil region of the enzyme (Lupas et al., 1991) (http://www.ch.embnet.org) is highlighted in yellow.
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Limited proteolysis of E. coli Lon contrast, based both on sedimentation analysis and electron microscopy, mitochondrial Lon protease from Saccharomyces cerevisiae was assumed to form heptamers (Stahlberg et al., 1999) . Earlier data indicated that EcLon exists in solution as a tetramer or an octamer (Chung & Goldberg, 1981; Rivett, 1989; Goldberg et al., 1994) ; the tetrameric state of EcLon was confirmed in 2004 (Vasilyeva et al., 2004) . However, recent electron microscopy data suggest that EcLon is a hexamer, stabilized solely by magnesium ions but not by nucleotides (Park et al., 2005) .
Our data on the oligomeric state of EcLon are not completely conclusive since they seem to be dependent on a number of factors, such as the method of enzyme purification, temperature, the presence of ligands, protein concentration, and solution viscosity. In particular, size-exclusion chromatography on Sephacryl S-300 performed on a preparative scale suggests that the oligomeric state of full-length enzyme (both wild type Lon and the inactive mutant Lon-S679A) could be a dodecamer or possibly an oblong, non-globular octamer with increased mobility. At the same time, the accuracy of interpretation of the sizeexclusion chromatography data (Table 2) is not high for the area of EcLon elution, since the value of the availability constant (K av ) is less than 0.1.
Size-exclusion chromatography experiments suggest that the high-molecular-mass oligomer of Lon appears to be stable and does not tend to dissociate when enzyme concentration is considerably decreased in recurring experiments. Velocity sedimentation studies of EcLon performed after size-exclusion chromatography reveal a complex picture of the state of the protein in solution at room temperature. Different forms of high-molecular-mass assemblies with sedimentation coefficients as high as 50-100S were observed to coexist with entities as small as dimers or monomers (7.6 and 4.7S, respectively). The addition of magnesium ions, nucleotides, or nucleotide-magnesium complexes does not change the picture significantly. The ultracentrifugation data indicate the sensitivity of Lon to hydrodynamic force under the experimental conditions.
It is clear that much more extensive investigation of the oligomeric state of EcLon in solution is necessary. It is likely that the predisposition of Lon to form hetero-aggregates (50-100S), observed at decreased temperature and/or increased concentration of protein, might be the reason for the difficulties encountered in crystallization of the fulllength EcLon. It is important to note that such aggregation might not be happening under conditions that are routinely utilized for in vitro investigation of the enzymatic functions of Lon (low enzyme concentrations, physiological temperature, a full set of effectors, the presence of a protein substrate, and ATP hydrolysis). However, investigation of the quaternary structure of EcLon in its functional (Botos et al., 2004a; .
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E. E. Melnikov and others form provides special challenges, since the physical methods used for that purpose are not fully compatible with the dynamic nature of the enzymatic processes.
Although the oligomeric state of the active, full-length EcLon is still somewhat ambiguous, a much clearer picture was obtained for the fragments generated by limited proteolysis with chymotrypsin (Table 2, Fig. 2) . The data show that the AP fragment (residues 235-784) is the smallest part of Lon capable of forming oligomers. The N-terminal and the ATPase fragments, as well as the α domain of the AAA + module and the P domain of Lon remain monomeric in solution, and none of the tested proteins changed its oligomeric state in the presence of magnesium ions. Additional experiments have shown that, during low-temperature gel filtration, the ATPase fragment retains its monomeric state also in the presence of nucleotides.
The P domain, however, appears to create hexameric structures in the crystals of not only EcLon (a member of the LonA subfamily), but also of LonB from Archaeoglobus fulgidus , although only dimers have been seen in the crystals of the P domain of LonB from Methanococcus jannaschii (Im et al., 2004) . These results may indicate a predisposition to oligomerization of the P domains of Lon proteases of both subfamilies at the high protein concentration needed to grow crystals, but they have to be interpreted with some caution, since the oligomeric state in the crystals is sometimes unrelated to the one seen under physiological conditions. The ATPase fragment of EcLon is monomeric by itself, while it is di-or tetrameric when linked to the P domain, forming the AP fragment (Table 2 ). This result indicates that the P domain could be directly involved in the development of the quaternary structure through interactions with the ATPase domain of an adjacent subunit of the oligomer.
The inability of the proteolytically obtained ATPase fragment of EcLon that contains all characteristic elements of ring-shaped AAA + proteins to form oligomers is very surprising. In particular, this fragment includes the N-terminal extension of the AAA + module (about 100 aa) together with the region which was postulated to be an oligomerization domain (OD) of Lon proteases (Lee et al., 2004a) . Thus it is currently not possible to conclude that the OD region is predominantly responsible for the formation of the oligomeric structure of Lon.
The data presented here do not directly support the existence of a structural core of Lon formed by hexamers of AAA + module, an arrangement typical for heterooligomeric ATP-dependent proteases and other representatives of the proteins belonging to the AAA + superfamily. First, an isolated A fragment is a monomer under moderate salt concentration (0.2 M NaCl), and, second, it appears that an isolated AP fragment forms a tetramer or a dimer (Table 2) rather than a hexamer.
The differences in the oligomeric states of the AP fragments obtained by chymotryptic digestion of full-length Lon with either intact or mutated proteolytic center are strongly dependent on the procedure utilized for preparing protein samples for gel filtration. In particular, AP behaves as a dimer if concentrated without any effectors (it is worthy to note that the dimeric state was found also for the AP fragment that was prepared by digestion of EcLon with glutamyl endopeptidase (Vasilyeva et al., 2004) ). The presence of nucleotides (ADP or AMPPNP), irrespective of addition of magnesium ions, leads to stabilization of a tetrameric form of AP. One may suggest that oligomerization of the full-length Lon might proceed through assembly of dimers.
It should be noted that AP oligomers completely dissociate and form individual subunits under the conditions of gel filtration in a high-salt buffer (1 M NaCl, not shown), confirming the main impact of ionic intersubunit interactions for stabilization of the oligomers.
Direct participation of the N-terminal part of EcLon in oligomerization is not fully proven, as none of the fragments obtained by digestion with chymotrypsin contains the intact putative CC domain of the enzyme (aa ~180 -~280). At the same time, different oligomeric states of the N fragment (1-207), AP fragment (235-784), as well as full-length Lon suggest that the CC domain should play a major role in the formation of the stable oligomeric structure of the enzyme. On the other hand, this segment of Lon may represent a special problem in a structural study, due to its potential lability and irregularity of the coiledcoil structure. In particular, the CC domain may be involved in the formation of the irregular oligomers of the enzyme detected in vitro through sedimentation analysis and size exclusion chromatography. These higher-level assemblies are most likely composed of preformed oligomers of the enzyme. Nevertheless, it is known that crystallization of proteins which possess extensive irregularities in their structure is still possible (Takeda et al., 2003) .
Based on the results presented here, it is clear that further investigation of the oligomerization of EcLon should be augmented by studies of recombinant N, AP, and NA fragments of the enzyme that have overlapping primary structure and include the complete CC region.
Enzymatic activity of fragments of EcLon
The fragments containing the catalytic sites for both enzymatic functions of Lon (ATPase and
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Limited proteolysis of E. coli Lon proteolytic) were purified to homogeneity and then tested for their respective activities. The A and AP fragments obtained from wild-type EcLon or its proteolytically inactive form EcLon-S679A were tested for the presence of ATPase activity, whereas the AP and P fragments of the enzyme with intact proteolytic site were tested for their ability to hydrolyze the low-molecular-mass tripeptide thioester Suc-Phe-Leu-Phe-SBzl (Melnikov et al., 2001) , as well as β-casein, a model protein substrate. All protein fragments obtained by limited proteolysis, including the non-catalytic N fragment and the α domain of the AAA + module, were also tested for the presence of possible traces of α-chymotrypsin using Suc-AlaAla-Phe-pNA, an efficient substrate of chymotrypsin that is not cleaved by EcLon. The results of such tests did not indicate the presence of any chymotryptic activity in the purified samples of the fragments of EcLon.
None of the fragments containing the catalytic sites exhibit the level of activity of full-length Lon (Table 3) . It is important to stress that the A fragment and the P domain that have been excised out of wild type EcLon are not capable of hydrolyzing their typical substrates (ATP and casein, respectively). Nevertheless, the A fragment that is monomeric in solution under all tested conditions (see above), is still capable of binding nucleotides, as was shown by its stabilization in their presence upon limited proteolysis of Lon (Figs. 1 and 3) , and was finally confirmed by the chymotryptic digestion of its purified preparation (Fig. 5) .
The proteolytically-inactive monomeric P domain displays a thioesterase activity (based on the k cat value, Table 3 ). Although such activity is two orders of magnitude lower than the activity of fulllength Lon in the absence of effectors, it is still detectable. According to earlier data (Rasulova et al., 1998) , the P domain should also be able to hydrolyze with low efficiency an oligopeptide substrate (melittin). The essential role of allosteric activation of the proteolytic domains seems to be a common feature of both the LonA and LonB subfamilies. Crystal structures of isolated P domains of two members of the latter subfamily have shown that the active sites assume an inactive conformation in the absence of other domains and/or substrates (Im et al., 2004; Botos et al., 2005; Dauter et al., 2005) . In contrast to the inactive counterparts, the AP fragment exhibits both the ATPase and proteolytic activities, albeit distinct from the activities of the full-length enzyme.
It has been shown previously that the presence of a protein substrate leads to a several-fold increase in the rate of ATP hydrolysis by both wildtype EcLon (Menon & Goldberg, 1987; Melnikov et al., 2000) and its proteolytically inactive mutant Lon-S679A (Fischer & Glockshuber, 1993) . These results indicated that activation of ATP hydrolysis is not directly linked to the degradation of a protein target, but instead depends on substrate-enzyme in- 
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E. E. Melnikov and others teractions that might take place in additional binding sites of EcLon. The reduced ATPase activity of Lon in the absence of a protein substrate was shown (Melnikov et al., 2000) to be mainly caused by the influence of excess magnesium ions present in the reaction solution along with the ATP-Mg complex (Table 3 ). This inhibitory effect seems to be connected to the peculiarities of cooperative ATP hydrolysis and nucleotide exchange exhibited at the level of the quaternary structure of Lon. These magnesiumdependent aspects of the function of Lon have not been extensively discussed in the investigations of enzyme kinetics (Vineyard et al., 2006) . However, our interpretation (Melnikov et al., 2000; of the role of magnesium ions in the activity of Lon appears to resemble the one discussed in a recent paper (Rosenfeld et al., 2005) dealing with the study of the processive mechanism of myosin V. The inhibitory properties of excess magnesium discussed here are also in good agreement with recent structural data on helicases complexed with ADP (Lee & Yang, 2006; Enemark & Joshua-Tor, 2006) . A mimic of the intermediate step of ATP hydrolysis that involved ADP and Mg 2+ ions occupying the position of the γ-phosphate of the nucleotide was trapped in the crystals, thus slowing down the turnover of ATP. The ATPase activity of the AP fragments obtained from either the wild type or inactive S679A mutant of full-length Lon is decreased relative to that of the intact enzyme (Table 3) , insensitive to the presence of free magnesium ions, and not increased in the presence of a protein substrate (an observation that possibly provides additional evidence for the presumed role of the N domain as an additional substrate-binding region of Lon (Ebel et al., 1999) ). These results might suggest that the cooperative mechanism of the ATP hydrolysis by the AP fragment is altered due to the removal of the N-terminal part of Lon (residues 1-234).
Nevertheless, the AP fragment of wild type Lon is capable of hydrolyzing a low-molecular mass thioester, Suc-Phe-Leu-Phe-SBzl, in an ATP-dependent manner, not distinguishable from the full-length Lon (Table 3) . Thus the catalytic constants for the thioesterase activity of AP and wild type Lon do not differ dramatically, although the apparent K m parameters that are characteristic for AP are more strongly affected (Table 3) .
Testing the proteolytic activity of the AP fragment of wild type Lon revealed some unexpected properties of this truncated form of the enzyme (Fig. 6A) . The initial experiments, performed under standard reaction conditions and during relatively short-term incubation of the reaction components (about 2 h), did not detect any ability of the AP fragment to hydrolyze protein substrates. However, in several special cases, it was possible to detect proteolytic activity of AP during prolonged incubation with a substrate (about 16 h). These conditions included either the absence of nucleotides, regardless of the presence of magnesium ions (Fig. 6A, lanes  2, 6) , or ATP hydrolysis (Fig. 6A, lane 7) , or activation of AP with a non-hydrolyzable analog of ATP (AMPPNP) in the presence of magnesium ions (Fig.  6A, lane 9) .
As shown in Fig. 6A , the proteolytic activity of AP is not processive in all cases, as it is accompanied by the formation of high-molecular mass intermediates of the protein substrate degradation. Along with that, the autocatalytic degradation of the AP fragment also persists, with the exception of the reaction performed in the presence of AMPPNP-Mg. 
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The presence of ATP or its analog in the reaction media in the absence of magnesium ions (Fig. 6A,  lanes 3, 5) , or the presence of ADP regardless of the presence of magnesium ions (Fig. 6A, lanes 4, 8) , not only suppress the proteolytic activity but also prevent autolysis of the AP fragment. The protective effect of some nucleotides against self-degradation of AP is similar to that described for the yeast Lon protease (Stahlberg et al., 1999) .
The non-processive degradation of protein substrates is not a unique feature of the AP fragment, but also of the full-length enzyme (Fig. 6B) . However, its in vitro manifestation strictly depends on the procedures used for isolation and purification of the intact Lon. The necessary prerequisite for the manifestation of this property is the removal of the intracellular nucleotides from the enzyme samples, and most of all ADP, which is simultaneously a Lon-specific ligand, a product of ATP hydrolysis, and an allosteric inhibitor of the peptidase activity of Lon.
The presence of variable amounts of ADP in the enzyme preparations obtained by different procedures is the most likely reason for the variability of the ATP-independent peptide hydrolase activity. In particular, data presented in Table 3 characterize the thioesterase activity displayed by wild type Lon that was saturated with ADP before the final step of purification by size-exclusion chromatography. Omitting the stage of saturation with the nucleotide resulted in an increase of k cat up to about 35−40 s -1 in the absence of ATP-Mg. This nucleotide-free form of the enzyme is characterized by very high level of non-processive proteolytic activity (Fig. 6B, lanes 2,  6) ; however, the enzyme retains its main function as a processive protease upon ATP hydrolysis (Fig. 6B,  lane 7) .
The non-processive degradation of protein substrates by Lon also takes place under conditions of static activation of the enzyme when the activator does not undergo any transformation (e.g. in the presence of AMPPNP and magnesium ions). As reported earlier (Edmunds & Goldberg, 1986) but not discussed in detail, such non-processive proteolytic activity of Lon, revealed in the presence of non-hydrolyzable ATP analogs, is unique to this enzyme.
The non-processive proteolytic activity of Lon, observed at low concentration of the enzyme, in the absence of nucleotides, or at an elevated temperature may indicate that the quaternary structure of Lon is not very stable. In the low-molecular-mass oligomers of Lon the proteolytic sites are sterically open, and the enzyme is capable of hydrolyzing protein substrates in a non-processive manner, acting as a common protease.
It is necessary to emphasize that the AP fragment is actually a proteolytically active enzyme capable of hydrolyzing a protein substrate in a nonprocessive manner (Fig. 6A, lane 9) . At the same time, a proteolytic activity of the autolysis products of AP cannot be completely ruled out (Fig. 6A, lanes  2, 6, 7) . Stabilization of AP under conditions of static activation (by AMPPNP-Mg), and self-degradation of AP under conditions of dynamic activation (upon ATP hydrolysis), which is not typical for a full-length Lon, allows one to differentiate between the conformational or oligomeric states of AP in the different activation systems (AMPPNP-Mg or ATPMg).
The initial stage of AP self-degradation in the absence of a protein substrate depends on the presence of the ATP-Mg complex (Fig. 7) . Interestingly, the apparent rate of AP autolysis under conditions of ATP hydrolysis is not altered in the presence of a protein substrate (not illustrated), which may indicate the intramolecular nature of the process taking place in this case. However, the final conclusion about the nature of this process should be based on the investigation of the kinetic order of the autolytic reaction.
The products of autocatalytic cleavage of AP have not been studied in much detail. However, Nterminal analysis of the major product of such selfdegradation obtained under the conditions of ATP hydrolysis (Fig. 7) indicated cleavage of the bond between Ala286 and Glu287, near the C-terminal end of the predicted CC domain of the enzyme (Figs. 2  and 4) . No cleavage close to this site was observed during digestion of Lon by proteases of different specificity (Fig. 4) , and it might be assumed that this part of the structure is buried within the Lon oligomer and involved in direct interactions with the proteolytic domain of the enzyme.
A comparison of the enzymatic properties of the full-length Lon and its truncated AP form in- 
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E. E. Melnikov and others dicates that the removal of the N-terminal segment (amino acids 1-234) decreases the degree of oligomerization, thus creating an enzymatic form with an altered pattern of cooperative ATP hydrolysis, incapable of processive degradation of protein substrates, and susceptible to the autocatalytic cleavage.
CONCLUSIONS
A study of the oligomeric state and properties of the EcLon fragments that were obtained by limited proteolysis revealed the contribution of individual domains to the quaternary structure of the full-length enzyme and clarified the relationship between the quaternary structure and the two different enzymatic activities of this enzyme. Four regions in Lon structure that are sensitive to proteolytic digestion have been located and the boundaries of the α-helical and proteolytic domains were confirmed. True boundaries of the N-terminal and ATPase domains need to be defined more precisely. The conformational state of the interface between the α and the proteolytic domain of Lon complexed with nucleotides has been shown to be influenced by the presence of magnesium ions. However, no essential structural changes were revealed in the region located between the N and A domains of Lon regardless of the presence of effectors.
All chymotryptic fragments and domains of Lon, with the exception of AP, have been shown to be monomeric in solution. Unlike the ATPase subunits of the heterooligomeric AAA + proteases, the isolated ATPase fragment of Lon exhibits no ATPase activity and does not change its monomeric state in solution, although it can still bind nucleotides. The individual P domain appears to have no proteolytic activity at all.
In contrast to the monomeric and inactive A fragment and P domain, the AP fragment exists as an oligomer and exhibits both the ATPase and proteolytic activities. This means that both counterparts of the AP fragment play a significant role in the formation of the quaternary structure of the enzyme. The AP fragment is a non-processive protease and undergoes unusual self-degradation upon ATP hydrolysis. The self-cleavage site is located at the C-terminal end of the predicted coiled-coil region of the enzyme. We postulate that this part of the structure is buried within the Lon oligomer and is involved in direct interactions with the proteolytic domain of the enzyme.
Taken together, these results reveal the crucial role played by the non-catalytic N-terminal part of EcLon in enabling enzymatic functionality. The lowmolecular-mass forms of EcLon appear to possess the ability for non-processive degradation of protein substrates. The data presented here could also reflect the important impact of the coiled-coil region of Lon on the formation of the quaternary structure of the enzyme. It will be necessary to continue studies of various recombinant fragments whose primary structures overlap and contain the full coiled-coil area of the enzyme.
